We use observations from the ICARTT campaign over eastern North America in summer 2004, interpreted with a global 3-D model of tropospheric chemistry (GEOS-Chem) to improve and update estimates of North American influence on global tropospheric ozone and the effect of recent U.S. anthropogenic reductions on surface ozone pollution. We find that the 50% decrease in U.S. stationary NO x sources since 1999 has decreased mean U.S. boundary layer ozone concentrations by 8 ppbv in the Southeast and 4-6 ppbv in the Midwest. The observed dO 3 /dCO molar enhancement ratio in the U.S. boundary layer during ICARTT was 0.47 mol mol -1 , larger than the range of 0.3-0.4 from studies in the early 1990s, and reflecting the decrease in the
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Introduction
Ozone (O 3 ) is produced in the troposphere by photochemical oxidation of methane (CH 4 ), carbon monoxide (CO) and nonmethane volatile organic compounds (NMVOCs) in the presence of nitrogen oxides (NO x ≡ NO + NO 2 ). Anthropogenic emissions of NO x and methane have caused a large global increase of tropospheric ozone over the past century [Marenco et al., 1994; Wang and Jacob, 1998 ] with consequences for the greenhouse effect [IPCC, 2001] and surface air pollution [Fiore et al., 2002] . A number of studies have used dO 3 /dCO concentration enhancement ratios in continental outflow, where CO is a long-lived tracer of combustion, to estimate continental anthropogenic influences to ozone on the global scale [Mauzerall et al., 1998; Pochanart et al., 1999; Zhang et al., 2006] including from North America [Chin et al., 1994; Parrish et al., 1993 Parrish et al., , 1998 ]. We use here observations from the ICARTT aircraft campaign over eastern North America in summer 2004 [Singh et al., 2006; Fehsenfeld et al., 2006] , interpreted with a global 3-D model of tropospheric chemistry (GEOS-Chem) to improve and update estimates of North American influence on global tropospheric ozone including both anthropogenic and natural sources. Stationary NO x and mobile CO sources in the United States have been decreasing rapidly over the past decade [Frost et al., 2006; Kim et al., 2006; Parrish et al., 2006; Hudman et al., , 2008 . The ICARTT campaign provides constraints on these decreases as well as on natural sources of ozone precursors from lightning and fires.
CO, a product of incomplete combustion, has a mean atmospheric lifetime of 2 months against oxidation by the hydroxyl radical (OH), its main atmospheric sink. It is a tracer for continental outflow, and the ozone-CO relationship is a marker for ozone production in a polluted air mass. Previous observations in U.S. boundary layer air and North American outflow in summer have shown consistently strong correlations with enhancement ratios dO 3 /dCO = 0.3-0.4 mol mol -1 [Chin et al., 1994; Mao and Talbot, 2004; Parrish et al., 1993; Parrish et al., 1998 ].
Although CO per se is not a limiting precursor for ozone production, combined information on dO 3 /dCO and CO emissions enables estimate of anthropogenic ozone export [Parrish et al., 1993;  3/19 26 Chin et al., 1994] . Here, we examine recent changes in this relationship due to recent emission reductions and implications for anthropogenic ozone estimates.
Hudman et al. [2007, 2008] previously applied GEOS-Chem to the ICARTT data to derive constraints on U.S. emissions of CO and NO x from combustion and lightning. They found that the latest National Emission Inventory of the U.S. Environmental Protection Agency (EPA), constructed for 1999 (NEI 99), overestimates observed NO x concentrations in the U.S. boundary layer, and that the bias can be corrected by a 50% reduction in stationary (power plant and industry) NO x emissions reflecting 1999-2004 regulations. Additionally, these observations imply a summertime U.S. anthropogenic CO source 60% lower than specified in the U.S. EPA inventory for 1999, weaker than the biogenic CO source from the oxidation of VOCs. Hudman et al. [2007] also found a larger lightning source in the upper troposphere than expected from standard models. This is consistent with recent studies suggesting higher NO x yields per flash from lightning at northern mid-latitudes than in the tropics [Huntrieser et al., 2006; Ott et al., 2007] .
The summer of 2004 was one of the strongest fire seasons on record for Alaska and western
Canada [Turquety et al., 2007] . Elevated levels of CO and ozone associated with these fires were observed as far as the central Atlantic [Cook et al., 2006; Val Martin et al., 2006] , and western Europe [Real et al., 2007] . Here, we will examine the quantitative impacts of the fires on continental outflow and on the hemispheric-scale ozone budget.
ICARTT
ICARTT was a coordinated multi-aircraft and ground based atmospheric chemistry field [Fehsenfeld et al., 2006] We use here principally the measurements of CO, ozone, NO 2 , and NO taken aboard both aircraft (the DC-8 NO data are those from Pennsylvania State University [Fehsenfeld et al., 2006] . Millet et al., [2006b] found that CO, ozone, and aerosol mass concentrations were elevated respectively by 30%, 56%, and more than 300% at Chebogue Point during U.S. outflow periods. Here we use the CO and ozone data averaged over 30-minute intervals.
Model Description
We [de Gouw et al., 2006] . When filtered, all species over that time period are removed. Several of the WP-3D flights were targeted at urban and power plant plume characterization [Fehsenfeld et al., 2006] and we do not use those data. These filters exclude 7% and 21% of the DC-8 and WP-3D data, respectively.
Global anthropogenic emissions in the model are as described by Park et al. [2004] .
Emissions for the contiguous United States are summarized in Table 1 . Anthropogenic emissions are from NEI 99 with modifications described by Hudman et al. [2007a,b] , including a generalized 50% decrease in NO x emissions from power plants and industry reflecting [1999] [2000] [2001] [2002] [2003] [2004] reductions [Frost et al., 2006] , and a 60% decrease in CO emissions reflecting both a decreasing trend and a likely overestimate in the original NEI 99 inventory [Hudman et al., 2008] . Biogenic emissions of isoprene and monoterpenes are from the GEIA inventory [Guenther et al., 1995] .
Monoterpenes are accounted only as sources of CO with an instantaneous yield of 0.2 CO per atom C [Duncan et al.,2007] . Biogenic alkene (C≥3) emissions are assumed to be 10% of isoprene on a per molecule basis. Biogenic acetone emissions are as in Jacob et al. [2002] .
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The U.S. lightning NO x source is increased by a factor of four relative to the standard GEOS-Chem scheme (i.e., to 500 mol/flash) to match constraints from the upper tropospheric [Pfister et al., 2006; Turquety et al., 2007] , and we assume a molar NO x /CO emission ratio of 0.0034 for fires in boreal regions following Jacob et al. [1992] . We release 80%
of the emitted NO y from fires as PAN to account for reactions with short-lived VOCs in the fresh plume . Fire emissions during ICARTT were frequently lofted to the free troposphere [de Gouw et al., 2006] ; following Turquety et al. [2007] , we assume that 40% of the total emissions are released at the surface and 60% are released in the free troposphere with uniform vertical distribution by mass. The spatial variability in ozone response to NO x emission reductions can be explained by variability in the ozone production efficiency (OPE), defined as the number of ozone molecules produced (P) per molecule of NO x oxidized (L), PO 3 /LNO x [Liu et al., 1987] . OPE decreases with increasing NO x and increases with increasing isoprene and UV flux [Liu et al., 1987; Hirsch et al., 1996] , and is thus higher in the southeast than in the northeast. We find in the GEOS-Chem simulation that the Midwest boundary layer has OPE values in the range 2.5-3.5, whereas the Southeast has values in the range 4-5.5, consistent with the simulated pattern of ozone decreases. Figure 3 shows simulated vs. observed ozone-CO correlations for the boundary layer aircraft flight tracks (0-1.5 km altitude) in the afternoon (11-17 LT), for photochemically aged air as diagnosed by NO x /NO y < 0.3 mol mol -1 following Chin et al., [1994] for consistency with previous studies. Also shown are correlations at Chebogue Point for the W-SE wind sector which sampled North American outflow [Millet et al., 2006b] . Model results are from the standard simulation including reduced NO x and CO emissions relative to NEI 99 ( further interpret the dO 3 /dCO enhancement ratio as the product of the OPE (PO 3 /LNO x ) and the molar NO x /CO source ratio (PNO x /PCO = E cn ), the former taken from the model and the latter constrained by ICARTT observations [Hudman et al., , 2008 : [2007] found that to match ICARTT NO x observations, large industry must similarly be reduced by 50%, resulting in a 22% decrease in NO x emissions nationwide, and a 15% decrease in the Northeast.
Effect of U.S. NO x emission reductions on surface ozone

Ozone-CO relationship in the boundary layer
The decadal change in the mobile source of NO x is uncertain (estimates range from slight decreases to slight increases) and thus we assume constant mobile emissions over the period [Parrish, 2006; Martin et al., 2006; Gilliland et al., 2008] .
Using the emission estimates above, we thus estimate a 10% increase in the molar NO x /CO source ratio between 1994-2004. We find in the model that the NO x emission reduction relative to the NEI 99 inventory causes a mean increase in the OPE over the Northeast of 9%. The product of the trends in the NO x /CO source ratio and in the OPE would thus be expected to yield a 19% increase in the dO 3 /dCO enhancement ratio, consistent with the trend in the observed ratio as described above.
6.
Hemispheric ozone enhancements from North American anthropogenic, biomass burning, and lightning emissions
The ICARTT observations provided strong constraints on North American sources of NO x from anthropogenic emissions, lightning, and biomass burning, and implied large corrections to prior emission estimates (Table 1 and ). Cooper et al., [2006] confirmed the resulting ozone maximum by analysis of ozonesonde data during ICARTT, and found an associated 11-14 ppbv contribution to ozone from lightning. We find a similar 10-17 ppbv enhancement in the upper troposphere over the Gulf Coast and see it stretching downwind across the subtropical Atlantic to Europe. North American lightning contributes 5.1% of the total Northern Hemisphere ozone burden for the ICARTT period, comparable to the North American anthropogenic ozone burden (Table 2) . Even though the North American lightning NO x source is less than half of the fossil fuel source, its OPE is much higher (Table 2 ; also see Wu et al. The mean simulated North American anthropogenic ozone enhancement is highest in the eastern United States in surface air but shifts northeast to the North Altlantic in the free troposphere, reflecting the ventilation of the U.S. boundary layer by frontal passages [Fuelberg et al., 2007] . In the upper troposphere, the anthropogenic enhancement extends to higher latitudes than that from lightning. We find that North American anthropogenic emissions enhance the tropospheric ozone burden in the Northern Hemisphere by 6.1% (Table 2 ). Enhancements in surface air over western Europe are 3-6 ppbv, consistent with previous estimates by Li et al. Hemisphere, consistent with estimates by Pfister et al., [2006] and Cook et al., [2006] ; not negligible, but significantly less than anthropogenic or lightning emissions (Table 2 ).
Conclusions
The ICARTT study in summer 2004 provided extensive observations of ozone, CO, and NO y species over the eastern United States and western North Atlantic, from the surface to 12 km altitude. These data offer new information to better constrain and understand North American influence on tropospheric ozone over the scale of the Northern Hemisphere. In a companion paper , we used the ICARTT observations of NO y species from two aircraft ICARTT. We show that this increase can be explained by a combination of OPE increase (9%) due to decreasing NO x emissions and increase in the NO x /CO source ratio (13%) due to even more rapid decrease of CO emissions.
The ICARTT data offer a unique ensemble of constraints on NO x emissions from fossil fuel combustion, lightning, and biomass burning in North America during summer 2004. We used the NO x emissions derived from these constraints to better quantify North American influence from these different sources on tropospheric ozone over the scale of the Northern Hemisphere.
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